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Summary 
The Src family protein-tyrosine kinase Lyn associates 
physically with the BCR and has been suggested to 
play an important role in BCR-mediated signaling. 
Studies with fyn-‘- mice showed that the number of B 
cells decreased by half in their peripheral tissues. In 
addition, these B cells do not respond normally to a 
number of stimuli, including BCR cross-linking and 
CD40 ligand. Induction of tyrosine phosphorylation on 
a variety of cellular proteins, such as Vav, Cbl, and 
HSl, upon BCR cross-linking was also abolished in 
these B cells. Despite the impaired BCR-mediated sig- 
naling, concentrations of IgM and IgA in sera were re- 
markably elevated, and production of autoantibodies 
was detected in lyn-‘- mice. Histological study showed 
splenomegaly and enlargement of lymph nodes that 
became evident with age in the mutant mice. The 
spleen contained significant number of plasma cells as 
well as unusual lymphoblast-like cells carrying Mac1 
antigen and cytoplasmic IgM. These cells spontane- 
ously secreted a large amount of IgM in vitro. Finally, 
significant number of lyn-‘- mice show glomerulone- 
phritis, an indication of autoimmune disease. From 
these data, we conclude that Lyn plays a role in signal 
transduction for not only clonal expansion and termi- 
nal differentiation of peripheral B cells but also elimi- 
nation of autoreactive B cells. 
Introduction 
The B cell antigen receptor (BCR) consists of membrane- 
bound immunoglobulins (mlgs) that are complexed with 
heterodimers of 829 and Mb-l (reviewed by Pleiman et 
al., 1994). In the peripheral lymphoid tissues, cross-linking 
of the BCR of resting B cells with antigens or anti-immu- 
noglobulin antibodies activates B cells to enter the Gl 
phase of the cell cycle. Then, the activated B cells respond 
to proliferative signals that were provided by T cells (De- 
Franc0 et al., 1982; Klaus et al., 1987). Subsequently, the 
proliferating B cells differentiate into antibody-producing 
plasma cells. BCR cross-linking could also induce cell 
death by apoptosis. This provides clue to understand the 
mechanism by which self-reactive B cells were eliminated 
and the mechanism of B cell tolerance (Murphy et al., 
1990; Swatt et al., 1991; Murakami et al., 1992; Hartley 
et al., 1993). Both of these biologically important re- 
sponses are preceded by a common set of intracellular 
biochemical events. One of the earliest events is the induc- 
tion of protein-tyrosine phosphorylation of intracellular 
proteins, including phosphatidylinositol (PI) 3-kinase (Ya- 
manashi et al., 1992) phospholipase C-y (PLCT) (Bijster- 
bosch et al., 1985; Coggeshall et al., 1992) Ras GTPase- 
activating protein (Gold et al., 1992) Vav (Bustelo and 
Barbacid, 1992) and She (Saxton et al., 1994; Nagai et al., 
1995). As mlgs, Mbl, and 829 carrynocatalyticdomainfor 
tyrosine phosphorylation, protein-tyrosine kinases asso- 
ciated with the BCR have been thought to be involved in 
phosphorylation of the above-mentioned signaling mole- 
cules. 
Compelling evidence has shown that the Src family ki- 
nases participate in the cell surface receptor-mediated 
signaling (reviewed by Kim et al., 1993). In addition, their 
physiological importance has been demonstrated by using 
a genetic approach, namely targeted disruption of the src 
family genes in mice. One of the best examples is the 
analysis of mice with the null mutation of the Ick gene, 
whose normal product physically interacts with CD4 and 
CD8 on the surface of T cells. In the lck’,- mice, develop- 
ment of the thymocytes is profoundly suppressed at the 
CD4-CD8- double-negative stage; only a small number of 
cells develops to mature T cells; and these T cells in spleen 
exhibit an impaired proliferative response to cross-linking 
of the T cell antigen receptor (TCR) complex (Molina et 
al., 1992). Another Src family member, Fyn, is associated 
with the,TCR. In mice lacking Fyn, TCR cross-linking leads 
to impaired proliferation and calcium flux in thymocytes 
and splenicTcells(Applebyet al., 1992; Steinet al., 1992). 
One of the Src family members, Lyn, is expressed pref- 
erentially in hematopoietic cells (Yamanashi et al., 1989) 
and in cells of neural tissues (Umemori et al., 1992). In 
particular, its expression is evident in B cells and mono- 
cyteslmacrophages. Two speciesof the Lyn protein, ~53’“” 
and p56’rn, are produced due to alternative splicing (Yama- 
nashi et al., 1991 b; Stanley et al., 1991) but no functional 
difference between them has been demonstrated. Recent 
evidence has shown that Lyn is associated physically with 
cell surface receptors, such as the BCR (Yamanashi et 
al., 1991 a; Burkhardt et al., 1991), the high affinity receptor 
for FCE (FcERI) (Eisenmann and Bolen, 1992), the interleu- 
kin-2 receptor (IL-2R) (Kobayashi et al., 1993) and granu- 
locyte colony-stimulating factor receptor (Corey et al., 
1993,1994). Therefore, the Lyn kinase is proposed to play 
roles in signaling mediated by the receptors. Indeed, we 
have previously shown that Lyn became activated upon 
BCR stimulation (Yamanashi et al., 1992); it activates PI-3 
kinase(Yamanashietal., 1992) phosphorylatesc-Cbl pro- 
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(a) Schematic drawing of a part of two genomic 
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unique M--+4.- SH3 
flanked by the shaded and stippled boxes in 
+ the /y&f sequence indicate a 65 bp direct re- 
Ex2 IEx31 Ex4 1 Ex5 IEx6 
peat, as was determined by nucleotide se- 
quencing of the PCR fragments. 
TAAA 
tttt 
CCTC 
(b) Analysis of the PCR products with cDNA of 
hnRNAs as template. The PCR with the above 
primers were carried out using the genomic 
123456 DNA (lane 1) and reverse-transcribed cDNAs 
of the hnRNA from splenocytes (lanes 2-4) as 
templates. The hnRNA was incubated with RNase at 37OC for 30 min before reverse transcription (lane 4). As a control, PCR was carried out 
using hnRNA without reverse transcription (lane 5) or reverse transcriptase (RTase) in water (lane 6) as template. The numbers of amplification 
cycles are shown in the parentheses on the top of the gel. The two arrows on the left show the 310 bp and 180 bp bands. 
(c) The structure of the Lyn protein encoded by exons 2-8 is shown on top. Point mutations at nucleotide positions (34, 42, 73, 173, 180, 189, 
229, 279) detected in the exons 2 and 4 of /yn% clones are shown. 
tooncogene product (Tezuka et al., 1995) cooperate8 with 
Syk (Kurosaki et al., 1994; Sidorenko et al., 1995), and 
phosphorylates HSl (Yamanashi et al., 1993). Syk is 
largely involved in IP3 formation, Ca*+ mobilization, and 
cell proliferation upon BCR stimulation (Takata et al., 
1994). HSl plays an intriguing role in apoptotic cell death 
induced by BCR stimulation (Fukuda et al., 1995; Taniuchi 
et al., 1995). Thus, Lyn has been suggested to be crucial 
to signaling downstream of the BCR that leads to prolifera- 
tion, differentiation, orapoptosisof Bcells. However, phys- 
iological relevance of Lyn in B cell-mediated immune re- 
sponses remains to be directly demonstrated. In addition, 
the precise mechanism by which Lyn signal8 to down- 
stream substrates remains to be established. 
In this study, we generated lyn-deficient mice by gene 
targeting to establish further the in vivo physiological roles 
of Lyn. Although Iyn-‘- mice appeared healthy, we ob- 
served abnormalities in proliferation of peripheral B cells 
and appearance of autoantibody-producing cells. Our 
present data reinforce the notion that Lyn is important for 
B cell signaling, and give further clues to understand mo- 
lecular basis of B cell-mediated immunity. 
Results 
Targeted Disruption of the lyn Gene 
In the process of targeting the Iyn gene, we identified two 
loci of the gene, termed lyn-H and lyn-L. We then molecu- 
larly cloned the two corresponding species of mouse Iyn 
genomic DNA. Both clones, having similar restriction 
maps, contained the sequences for exons 2-5 and corre- 
sponding introns (see Figure 2). Apparently, the se- 
quences of the two clones were highly homologous. Nev- 
ertheless, the two clones were distinguishable at the 
nucleotide sequence level. By using oligonucleotide prim- 
ers corresponding to the conserved sequences within the 
third intron, 310 bp and 160 bp fragments were generated 
from the lyn-H and lyn-L clones, respectively (data not 
shown). Nucleotide sequencing revealed the presence of 
a 65 bp sequence tandemly repeated in the fragment of 
lyn-H. These are schematically illU8trated in Figure la. 
Although there is a report showing the presence of two loci 
for the Iyn gene (Hibbs et al., 1995) it has been unknown 
whether both genes or one of them is transcribed. To iden- 
tify which gene is functional, we carried out polymerase 
chain reaction (PCR) with the above set of the primers 
using reverse-transcribed cDNAs of the heterogeneous 
nuclear (hn) RNAs as templates. As shown in Figure 1 b, 
only the 160 bp lynl-specific sequence was amplified, 
indicating that the lyn-L but not Lyn-H locus was tran- 
scribed. Although nucleotide sequences of exons in the 
lyn-H and lyn-L clones were highly related to each other 
(>90% identity), the sequence of exons of lyn-L perfectly 
matched with the corresponding sequence of the /yn cDNA 
(Vi et al., 1991). Several point mutations were detected 
in the exons of lyn-H (Figure lc). Based on these data, 
we concluded that lyn-L but not lyn-H was functional. 
Through homologous recombination in El4 embryonic 
stem (ES) cells, the functional Iyn gene was mutated by 
inserting the neomycin resistance gene cassette (neo) 
(Thomas and Capecchi, 1967) into the fourth exon encod- 
ing an amino-terminal half of the SH3 domain (Hooper et 
al. 1967) (Figure 2a). After transfection of the targeting 
vector, 792 colonies resistant to both G416 and gan- 
cyclovir (GANC) were screened for identification of the 
hOmOlOgOU8 recombinants by PCR and Southern blot 
analysis. The average frequency of homologous recombi- 
nation was about 1 in 3 x 1 O7 electroporated cell8 and 2 in 
792 G416- and GANC-resistant clones The two ES clones 
carrying the mutated allele were isolated and used to gen- 
erate heterozygous mutant mice. By crossing these het- 
erozygotes with each other, homozygous mutants lacking 
the functional Iyn gene were established. Genotype analy- 
sis (Figure 2b) and immunoblot analysis of cell lysates 
from the spleen and cerebellum (Figure 2c) confirmed in- 
activation of the Iyn gene. Correct targeting of lyn-L was 
confirmed by probing the Southern blots with neo probe 
and by probing a blot of Xhol-EcoRl-digested DNA with 
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Figure 2. Targeted Disruption of the Functional 
Iyn Gene 
(a) Illustration of the strategy for targeting. Re- 
stritiion maps and the schematic structure of 
the lyn-H and lyn-L genomic clones are shown 
on the top. Xb, Xh, EC, and Hi represent restric- 
tion sites for Xbal, Xhol, EcoRI, and Hinfl, re- 
spectively. The lyn-L locus was disrupted at the 
Xbal site in exon 4 as described in Experimen- 
tal Procedures. The structure of the insert of 
the targeting vector and the predicted structure 
of the chromosomal Iyn gene disrupted by ho- 
mologous recombination are schematically il- 
lustrated. Exons (Ex) are shown by closed 
boxes and introns by lanes. The open boxes 
represent the nw (two) cassette and herpes 
simplex virus thymidine kinase (HSV-tk) cas- 
sette. 
(b) Southern blot analysis of offspring from mat- 
ings of lyn+‘- heterozygotes. Two lines of mice 
originated from different ES sublines were ana- 
lyzed. Genomic DNAs from tail snips were di- 
gested with Xbal and subjected to Southern 
blot hybridization with “P-labeled probe A. 
(c) lmmunoblot analysis of /yn+‘+, /yn+‘-, and 
/yn+ littermates. Proteins of the spleen and 
cerebellum from lyn+‘+ (lanes 1 and 4), /yn+‘- 
(lanes 2 and 5), and IynP (lanes 3 and 6) mice 
were immunoblotted with Lyn-6 mouse anti- 
Lyn monoclonal antibody. Truncated forms of 
Lyn were not detected in mutant mice with Lynd that were raised against the N-terminal-specific sequence (Arg25 to Ala1 19) of human Lyn 
(Yamanashi et al., 1992). Note that the Xbal site in exon 4. in which the neo cassette was introduced, corresponds to lle92. 
a J flanking probe (data not shown). No p53/5m protein 
was detected in the homozygous (/yn-I-) littermates, though 
our data did not tell whether the amino-terminal proximal 
sequence of Lyn was produced in the mutant mice. PCR 
analysis with a set of primers specific to nucleotide se- 
quences for the Lyn kinase domain showed no detectable 
expression of the kinase domain that might have gener- 
ated by splicing out the mutated sequence (data not 
shown). Both the heterozygous and homozygous litter- 
mates appeared healthy and were fertile under specific 
pathogen-free conditions. 
Defects in B Cell Proliferation in the Absence 
of Lyn 
Since Lyn is associated with the BCR and is expressed 
in the B lineage cells throughout development, we ad- 
dressed whether Lyn deficiency could affect B cell devel- 
opment. Wild-type and lyn-‘- mice were sacrificed at 
8-12 weeks of age and cells of lymphoid organs were 
counted and stained with antibodies against lymphocytes 
surface markers. The number of cells in bone marrow from 
/yr~+‘+ and /yn-‘- mice were comparable. However, the num- 
ber of lymphocytes in periphery of lyn-‘- mice was about 
two-thirds as compared with that of lyn”’ mice, although 
the number of red blood cells was normal. Flow cytometric 
analyses showed that population of B220’mlgM’ B cells 
in Iyn-‘- mice was reduced by 70% to 35% in the peripheral 
tissues such as the lymph node and spleen, even though 
population of B lineage cells was normal in the bone mar- 
row (Figure 3). We noticed, however, that the population of 
B220hiimmunoglobulin M+ (IgM+) cells, but not B220’“lgM’ 
cells, was slightly decreased in /yn-‘- mice. This suggests 
that the only recirculating B cells in bone marrow are af- 
fected in Iyn-‘- mice. Flow cytometry of bone marrow cells 
with anti-c-kit, anti-IL-7R, anti-heat stable antigen, anti- 
CD25, anti-CD43, anti-Flk2, and anti-BP-l also showed no 
difference between /yn+‘+ and lyn-‘- mice (data not shown). 
Thus, B cell development in the bone marrow was intact. 
Despite the decrease of peripheral B cells, Ly-l+ B cells 
(B-la) were not decreased in the peritoneal cavity of /yn-‘- 
mice. The Peyer’s patches in /yn-‘- micewere considerably 
smaller or undetectable. No significant abnormality was 
observed in the number of T cells in the thymus as well 
as in the peripheral tissues (Figure 3; data not shown), 
suggesting that T cell development was not impaired in 
Iyn-‘- mice. These results indicated that one of the appar- 
ent defects in /yn-‘- mice was the suppression of B cell 
proliferation in the periphery. Another abnormality was 
that there was a drastic increase of the unusual cell popula- 
tion, not B or T cells, in the spleen and peripheral blood 
of IynP mice (Figure 3). Most of these cells were shown 
to be Macl’ cells (see below). 
To examine proliferative responses, splenic B cells of 
wild-type and Iyn-‘- mice were cultured for 42 hr in the 
presence of anti-IgM, CD40 ligand, IL-4, and lipopolysac- 
charide (LPS), and then labeled with 13H]thymidine. The 
proliferative response (represented by [3H]thymidine up- 
take) to surface IgM cross-linking was severely impaired 
in lyn-‘- mice (Figure 4a). Thus, Lyn is crucial to B cell 
proliferation triggered by BCR stimulation. BCR stimula- 
tion induces activation of not only Lyn but also the other 
nonreceptor-type protein-tyrosine kinases (NR-PTKs) 
(Yamanashi et al., 1991a; Burkhardt et al., 1991; Hutch- 
croft et al., 1992; Yamada et al., 1993), which results in 
tyrosine phosphorylation of multiple cellular proteins. 
Then, we addressed whether protein-tyrosine phosphory- 
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Figure 3. Flow Cytometric Analyses 
Ceils from the spleen, lymph node, peripheral 
blood, and bone marrow of 7- to 8-week-old 
Iyrr”’ (top) and fyn-‘- (bottom) littermates were 
double-stained with PE-anti-Thy1 and FITC- 
anti-B220or with PE-anti-BPPOand FITC-anti- 
IgM. The stained cells were analyzed by flow 
cytometry gated on lymphocytes. The results 
are shown as contour profiles. Numbers in 
quadrants indicate the percentage of the total 
lymphocyte population. 
lation was impaired in the absence of Lyn. lmmunoblotting 
was carried out by using the lysates of the BCR cross- 
linked splenic 6 cells with anti-phosphotyrosine antibody. 
The analysis revealed that induction of tyrosine phosphor- 
ylation of many cellular substrates, including PLCy2, 
c-Cbl, Vav, and HSl, was abolished or delayed in /yn-‘- 
mice as compared with the wild-type mice (Figure 4b). 
Consistent with the previous observation that kinase activ- 
ity of Syk was enhanced in the presence of Lyn (Kurosaki 
et al. 1994), activation of Syk was suppressed in /yn-‘+ 
mice upon BCR cross-linking (data not shown). These data 
suggested that Lyn was critically important for BCR-induced 
protein-tyrosine phosphorylation. Insufficient tyrosine phos- 
phorylation or suppression of phosphorylation-dependent 
activation of the cellular proteins in the absence of Lyn 
might have caused the reduction of proliferative re- 
sponses. 
The proliferative response to CD40 ligand was also 
greatly reduced in /yn-‘- mice (Figure 4a). However, addi- 
tion of IL-4 restored the response. Thus, signaling for ceil 
proliferation through CD40 is suggested to consist of two 
pathways: one is Lyn dependent, and the other Lyn inde- 
pendent. The Lyn-independent pathway from CD40 could 
induce strong proliferation in cooperation with IL-4. LPS- 
mediated proliferation was also found to be under control 
of Lyn kinase activity. IL-4 did not restore the low response 
to IgM cross-linking or LPS stimulation. These data sug- 
gest that B cells of /yn-‘- mice are not able to proliferate 
upon BCR-mediated stimulation unless multiple signal- 
ings, such as a combination of CD40 ligand and IL-4, are 
given from T cells. 
Antibody Production in lyn-Deficient Mice 
Poor responses of the splenic B cells to various stimuli 
suggested the presence of severe defects in B cell-medi- 
ated immunity. To examine this possibility, Iyn- mice 
were challenged with T cell-dependent antigen 2,4-dini- 
trophenol-conjugated keyhole limpet hemocyanin (DNP- 
KLH) and with T cell-independent antigen 2,4,6-trini- 
trophenol-conjugated LPS (TNP-LPS). Unexpectedly, 
anti-hapten antibody production occurred in both cases 
and the levels of IgM and IgA production were rather higher 
than those in control mice (Figures 5a and 56). We as- 
sumed that this was due to the prolonged life span of the 
antibody-producing B cells in Iyn-‘- mice. Consistently, our 
preliminary data show that splenic B cells from Iyn-‘- mice 
continue to survive longer time periods than those from 
control wild-type mice in vitro (data not shown). We further 
showed that serum levels of all isotypes in Iyn-‘- mice were 
higher than those in wild-type mice in the absence of anti- 
genie stimulation (Figure 5~). Especially IgM was ex- 
tremely high, namely a 28-fold elevation in lyn-I- mice com- 
pared with wild-type mice. IgA titer in Iyn-‘- mice was also 
high (&fold elevation). Less than P-fold elevation in the 
other class immunoglobulins suggested that there were 
some abnormalities in class switching in /yn-‘- mice. How- 
ever, unlike CD40-‘- mice (Kawabe et al., 1994), which 
are incapable of producing all immunoglobulin isotypes 
except for IgM, the immunoglobulin class switching in 
Iyn-‘- mice occurred in response to T cell-dependent anti- 
gen (Figure 5a). Although the Lyn kinase was reportedly 
activated by CD40 cross-linking (Ren et al., 1994, Durie 
et al., 1994), the difference between CD40-I- mice and 
Iyn-‘- mice in class switching suggested that Lyn kinase 
wasinvolved inonlyapartof theCD40signalingpathways. 
Production of Autoantibodies in lyn-Deficient Mice 
Hyper IgM in serum is a characteristic sign often seen in 
autoimmune disease. Antibodies to DNA and nucleopro- 
teins are found in sera of individuals with systemic autoim- 
mune disease such as the autoimmune mouse strain MRU 
Ipr. In the serum of Iyn-‘- mice, we detected high levels of 
anti-dsDNA antibodies, most of which were IgM, although 
there were some variations in the level among the mutant 
mice(Figure5d). Similarto the/prmice, lymph nodeswere 
also enlarged in the lyn-‘- mice. In addition, the spleno- 
megaly (Figure 6, top) became evident in the aged (older 
than 3 months) Iyn-‘- mice. Histological study of the en- 
larged spleen showed accumulation of a significant num- 
ber of plasma cells and increase in the mass of the white 
pulp, which contained large lymphoblast-like cells (Figure 
6, middle). These cells were immunohistochemically 
stained with anti-Mac1 antibodies (Figure 6, bottom), but 
not with antibodies against B or T cell surface markers, 
such as 8220 or Thy-l (data not shown), respectively. 
Mac1 is a heterodimeric molecule that consists of CD1 1 b 
and CD18, and is expressed on macrophages, neutro- 
phils, NK cells, activated CD8+ T cells, and activated Lyl+ 
B cells(B-1 cells) in normal mice. Importantly, the morphol- 
ogy of Macl+ cells in Iyn-‘- mice was lymphoblast-like but 
not monocyte-like. Furthermore, the mass of Macl’ cells 
in the center of follicles of the white pulp was surrounded 
by T and B lymphocytes. Thus, it is likely that the unusual 
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Figure 4. Impaired Responses of Splenic B Cells from /yn? Mice 
(a) Proliferative responses against various stimuli. Small densesplenic 
B cells from /yr? mice (open bars) and their wild-type littermates 
(hatched bars) were incubated in medium alone (N. S.), or the medium 
containing affinity-purified goat anti-mouse IgM polyclonal antibody 
(a-u), CD40 ligand-CD8 chimeric protein (CD40L), LPS (LPS), or IL-4 
(IL-4). The cells were also incubated in the medium containing various 
combinations of the above stimulants as indicated. After 42 hr of incu- 
bation, cells were pulse-labeled for 8 hr with PH]thymidine and 
PHjthymidine incorporation was determined as described in Experi- 
mental Procedures. All assays were performed in triplicate with less 
than 20% variance among wells. 
(b) Protein-tyrosine phosphorylation following anti-IgM stimulation. 
Splenic B cells from /yn+‘+ and /yn”- littermates were incubated for the 
indicated period of time (minutes) with affinity-purified goat anti-mouse 
IgM polyclonal antibody. Proteins in total cell lysates (left) or immuno- 
precipitates from the lysates with anti-PLCyP. anti-Cbl, anti-Vav, and 
anti-H3 (right) were fractionated on 8.5% SDS-polyacrylamide gels. 
The proteins on the gels were transferred onto polyvinylidene difluoride 
membrane filters (Millipore) and the filters probed with HRP-labeled 
anti-phosphotyrosine monoclonal antibody 4GlO as described in Ex- 
perimental Procedures. After deprobing, the same filters were re- 
probed with antibodies for PLCTP, Cbl, Vav, and HSl to show the 
amounts of the proteins were unchanged before and after stimulation 
(data not shown). 
Mac1 + cells in /yn-‘- mice have a character similar to the 
activated lymphocytes. 
Flow cytometric analysis revealed that Macl’ cells in 
the spleen of Iyrr-‘- mice were not stained with anti-u anti- 
bodies (Figure 7a, upper right), indicating that these cells 
did not express surface IgM. Here again, the population 
of B cells was shown to be reduced by half as compared 
with wild-type mice. In contrast, flow cytometric analysis 
with permeabilized splenocytes showed that Macl’ cells 
contained cytoplasmic IgM (Figure 7a, lower right). In addi- 
tion, splenocytes(Figure7b)orthe Macl+cellssortedfrom 
the splenocytes (data not shown) of lyn-‘- mice secreted a 
large amount of IgM in vitro without any exogenous stimu- 
lation. Thus, the Macl+ cells in Iyn-‘- mice may be abnor- 
Production of autoantibodiescould becausativeof auto- 
immune disease, in many of which renal damage is a major 
cause of mobidity and mortality. We noticed that Iyn-‘- 
mice tended to die with age as compared with wild-type 
littermates. A significant number of aged (older than 8 
months of age) Iyr+ mice were severely anemic and be- 
came emaciated. Upon histological study of these mice, 
we noticed severe renal disease, namely glomerulonephri- 
tis, with hypercellularity, lobularity and global sclerosis 
(Figure 7~). These data suggest that Iyn-‘- mice develop 
autoimmune disease due to the production of autoantibod- 
ies. Further investigation is needed to demonstrate the 
presence of immune complexes containing autoreactive 
antibodies in Iyn-‘- mice. 
Discussion 
PTKs in BCR-Mediated Signaling 
Accumulating data show that tyrosine phosphorylation of 
intracellular proteins isone of important events in signaling 
through the BCR. Previous studies have established that 
the Src family kinases Lyn, Blk, and Fyn are associated 
with BCR and become activated upon BCR stimulation 
(Yamanashi et al., 1991a; Burkhardt et al., 1991). Some 
other NR-PTKs, such as Syk and Btk, have also been 
shown to be involved functionally in BCR-mediated signal- 
ing (Yamada et al., 1993; Saouaf et al., 1994). Activation 
of the Src family kinases precedes activation of Syk and 
Btk, suggesting that the Src family kinases are critically 
important for initiating the signaling cascade (Y. Y. et al., 
unpublished data; Saouaf et al., 1994). This is consistent 
with the impaired protein-tyrosine phosphorylation in the 
splenic B cells of Iyn-I- mice upon BCR cross-linking (Fig- 
ure 4b). In addition, the study of the DT40 chicken B cell 
line, in which the Iyrr gene was disrupted, showed that 
Caz+ mobilization was partially impaired and that the Syk 
kinase was not sufficiently activated in the absence of Lyn 
(Takataet al., 1994; Kurosakietal., 1994). Wealsoshowed 
that activation of Syk did not occur in the splenic B cells 
of Iyn-‘- mice (data not shown). Therefore, it was fascinat- 
ing to address whether deficiency of the Src family kinase 
Lyn could affect B cell development, B cell-mediated im- 
mune responses, or both. 
Development, Proliferation, and Immune Responses 
Pre-B cells in bone marrow express u heavy chains on the 
surface, associated with surrogate light chains, namely h5 
and VpreB proteins (Karasuyama et al., 1990; Tsubata 
and Reth, 1990). The j.r chains complexed with surrogate 
light chains are called pre-BCR and are crucial for pre-B 
cell maturation (Melchers et al., 1993). It is believed that 
pre-BCRs are associated with Src family kinases. How- 
ever, our present data suggest that B cells can mature 
normally in bone marrow in the absence of Lyn (Figure 
3). Therefore, Lyn is suggested to be dispensable for the 
pre-BCR-mediated signaling and thus for B cell matura- 
tion. Other Src family kinases, such as Blk and Fyn, may 
be primarily involved in the signaling. Alternatively, the 
role of Lyn may be complemented by the redundantly ex- 
Immunity 
554 
(4 
lb) 
t t t t 
D8p aft01 lal immtmizatIon 
t t 
Day0 aftor lmmunlntlm 
rol 1 1 I I I I 
IgY IgGl IgGZalgG2b lgG3 IgA 
0.4 
Figure 5. Unusual Antibody Production in /yn-‘- 
mice 
(a and b) Humoral immune responses to exoga 
nous antigens. Iyn-‘- mice (8 weeks old; open 
circle) and their wild-type littermates (closed 
circle) were challenged with DNP-KLH (T-de 
pendent antigen) or TNP-LPS (T-independent 
antigen) on the days shown by arrows. At the 
indicated day points, mice were bled and (a) 
the DNP-specific IgM (left), IgGl (middle), and 
IgA (right) titers, and (b) the TNP-specific IgM 
(left) and IgA (right) titers were determined by 
ELISA as described in Experimental Proce 
dures. Averages of the results from six experi- 
ments are shown. 
(c) Serum level of immunoglobulin isotypes in 
unimmunized mice. /yn-‘- mice (open circle) 
and their wild-type littermates (hatched circle) 
were bled at S-12 weeks of age. Concentra- 
tions of serum immunoglobulin isotypes were 
determined by isotypaspecific ELlSAs. Re- 
sults from four experiments are shown. 
(d) Production of anti-dsDNA antibodies in un- 
immunized mice. MRL//pr (closed circle), /yrr+‘+ 
(hatched circle), and /yn-‘- (open circle) mice, 
were bled at S-12 weeks at age and the 
amounts of antibodies that bind to dsDNA were 
determined by ELISA. 
pressed other Src family members. In contrast, we showed 
that Lyn is relevant to tyrosine phosphorylation of cellular 
proteins and that proliferative responses upon BCR cross 
linking were suppressed in the splenic B cells of /yn-‘- 
mice. In addition, we detected high concentrations of im- 
munoglobulins, especially IgM and IgA, and anti-DNA anti- 
bodies in the serum of the unimmunized Iyn-‘- mice, sug- 
gesting that elimination of self-reactive B cells occurs 
poorly in the absence of Lyn. These data establish that, 
although Lyn may not play an important role in develop- 
ment of pre-B cells, Lyn is important for BCR-mediated 
immunological responses. 
Unexpectedly, Iyn-I- mice produced antibodies in re- 
sponse to both T cell-dependent and -independent anti- 
gens. This indicates that poorly proliferated B cells in /yn-'- 
mice are able to differentiate into antibody-producing cells. 
Furthermore, the antibody-producing B cells are expected 
to have a prolonged life-span and continue to secrete anti- 
body in IynP mice (see below). Consistently, our prelimi- 
nary data show that splenic B cells from lyr- mice con- 
tinue to survive longer time periods than those from control 
wild-type mice in vitro. This would at least partly explain 
why Iyn-‘- mice produce more antibodies than control mice 
(Figure 5). 
Previous reports show that xid mice having a mutation 
in the btk gene are associated with B cell deficiency 
(Thomas et al., 1993; Rawlings et al., 1993; Tsukada et 
al., 1994). The peripheral B cells are decreased due to a 
maturation block and serum concentration of IgM is low 
in xid mice (Belmont, 1995). These phenotypes are clearly 
different from thoseof Iyn-‘- mice. However, poor response 
of the peripheral B cells to BCR cross-linking was com- 
monly seen between Iyn-I- mice and xid mice, suggesting 
that Lyn and Btk share at least one signaling pathway. 
We have shown impaired tyrosine phosphorylation of 
Vav in the splenic B cells upon BCR cross-linking. This 
suggests that Vav is involved in the signaling pathway 
downstream of Lyn. Indeed, the phenotypes of Iyrr-‘- mice 
show some similarities to those of vev’- mice. For exam- 
ple, proliferative response of B cells to BCR cross-linking 
is suppressed in Yav’- mice, although they are able to 
respond to LPS and CD40 ligand (Tarakhovsky et al., 
1995; Zhang et al., 1995) the number of peripheral B cells 
is decreased in vav’- cells (Tarakhovsky et al., 1995; 
Fischer et al., 1995) and var’- B cells appear to produce 
antibodies in response to T cell-dependent antigens (Tar- 
akhovsky et al., 1995). 
Tyrosine Phosphorylation of HSl and Apoptosis 
The HSl protein, a major tyrosine-phosphorylated protein 
in the BCR-stimulated cells (Yamanashi et al., 1993) is 
important for BCR-mediated apoptosis. Peritoneal B cells 
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Figure 6. Histological Study of the Spleen from 
Iyn-‘- Mice 
Iyn”- mice (12 weeks old) and their age- 
matched wild-type littermates were sacrificed 
and the size of the spleens was compared (top). 
The spleen of Iyn? mice was 2-10 times as 
heavy as that in /yn+‘+ mice. Cryosections of 
the spleen were stained with hematoxylin- 
eosin (middle) or with anti-Mac1 antibodies 
(bottom). Lymphoblast-like cells and Macl+ 
cells were evident in the spleen of /yn-‘- mice. 
from normal mice die of apoptosis upon strong cross- 
linking of the BCR (Tsubata et al. 1994) but these cells 
from HSV mice do not undergo apoptosis after the same 
treatment (Taniuchi et al., 1995). Furthermore, a variant 
of WEHl231 (immature B cell line) cells expressing a very 
low level of HSl escapes from apoptosis upon BCR cross- 
linking, whereas the parental cells are sensitive to BCR 
cross-linking (Fukudaet al., 1995). Since induction of tyro- 
sine phosphorylation of HSl was very poor in the absence 
of Lyn (Figure 4b), HSI could not have functioned properly 
in the B cells of /yn-‘- mice, which would result in incom- 
plete elimination of autoantibody-producing B cells. In- 
deed, we showed that Iyrr- mice produced autoantibodies 
(Figure 5d). Thus, Lyn may be involved in induction of 
apoptosis through its substrate, HSl, upon BCR cross- 
linking. However, since HSV mice do not produce auto- 
antibodies(I. T. et al., unpublished data), anothersignaling 
pathway downstream of Lyn must cooperate with the HSl 
pathway to eliminate self-reactive B cells. It should be also 
noted that there is a contradictory report that Lyn is in- 
volved in the antigen receptor-induced cell cycle arrest 
but not in apoptosis (Scheuermann et al., 1994). The re- 
sults are derived from the experiments using anti-sense 
/yn and particular cell lines. The low expressed Lyn in the 
presence of anti-sense Iyn could have been enough to 
induce HSl phosphorylation and subsequent apoptosis. 
Furthermore, it is also possible that some other Src family 
kinases that may be expressed at high levels in the cell 
lines substitute the function of Lyn. 
Origin of Mac1 + Cells 
The B cells that have encountered self-antigen and es- 
caped from death in Iyn-‘- mice might have differentiated 
into antibody-producing cells. Although proliferation of 
these cells should be limited because of the lack of Lyn- 
mediated positivesignals, theywouldeventuallydominate 
in the spleen, thereby resulting in splenomegaly. We spec- 
ulate that these cells probably correspond to the plasma 
cells that are unusually present in the spleen and the un- 
usual Mach’ cells, which contain cytoplasmic IgM. The 
Macl’ cells dramatically increase in the white pulp of 
spleen in Iyn-‘- mice. In spite of Mac1 expression, these 
cells, unlike macrophages, are not adherent but rather 
round and lymphoblastoid or plasmablastoid. In addition, 
the splenocytes containing Macl’ cells produced IgM in 
vitro without any exogenous stimulation (Figure 7b). 
Although the origin of the Macl+ cells in Iyn-‘- mice has 
not been clarified yet, it is possible that the Macl+ cells 
are plasmablastoid cells derived from immature or mature 
conventional B cells (B-2 cells) that have encountered self- 
antigens, and ectopically express the CD1 1 b and CD18 
genes. It would be noteworthy that macrophages and B 
cells have common progenitor cells (Cumano et al., 1994) 
whose differentiation is dependent on the microenviron- 
ment. Immortalized B cell lines have also been reported 
to generate macrophage-like cells (Davidson et al., 1988; 
Klinken and Alexander, 1988). These observations could 
explain the readiness of the ectopic Mac1 expression in 
the B-2 lineage cells of Iyn-‘- mice. We assume that Macl+ 
B-2 cells would not be eliminated because the apoptotic 
pathway is likely to be suppressed in the absence of Lyn, 
as we discussed above. Alternatively, Mac1 + cells of Iyn-‘- 
cells may be plasmablastoid cells (slgM-, CD5-, B220-, 
Macl+, cytoplasmic IgM+) that were generated through 
unusual maturation of B-lb cells (slgM+, CD5-, B220’““, 
Macl+) upon encounter with self-antigens. Although Bl 
cells are poorly present in the spleen of normal mice, the 
Mac1 + B-lb might dominate in the spleen of Iyn+ mice, 
again owing to the inefficient apoptotic signals and to the 
poor proliferation of B-2 cells in the absence of Lyn. Moth- 
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eaten (me) mice, that lack SHP protein-tyrosine phospha- 
tase, provide a similar, though distinct, example. In me 
mice, autoantibody-producing populations of 6 cells (B-1 a 
cells) are expanded in the spleen (Kozlowski et al., 1993; 
Shultzet al., 1993; Doodyet al., 1995; Thomas, 1995). The 
lack of SHP protein-tyrosine phosphatase would result in 
activation of the Lyn kinase, thereby facilitating the HSl- 
mediated apoptosis. Therefore, the B-2 cells would be 
readily eliminated upon BCR stimulation. In contrast, B-l 
cells could become dominant in me mice, since the BCR- 
mediated apoptotic pathway would be suppressed be- 
cause of poor response of B-l cells to BCR stimulation 
(Morris and Rothstein, 1993, 1994). Whichever the origin 
of the Macl+ cells is, our data (Figures 7a and 7b) showed 
that Macl’ cells produce antibodies. 
Lyn in CD40-Mediated Signaling 
Accumulating data show that CD40 plays key roles in me- 
diating the interaction between Tand B cells. For example, 
sGmulation of CD40 with its ligand can initiate growth of 
mature B cells, prevent apoptotic death of BCR-stimulated 
immature Bcells, and mediate the isotypeswitching(Durie 
et al., 1994). More recently, the CD40 ligand stimulation 
is shown to direct the differentiation of human germinal 
center B cells toward memory B cells. In contrast, in the 
absence of the CD40 stimulation, germinal center B cells 
differentiate into plasma cells (Arpin et al., 1995). There 
are data that suggest involvement of Lyn in the CD40- 
mediated signaling. For example, our present data showed 
that proliferative response of splenic B cells to CD40 stimu- 
lation was suppressed in the absence of Lyn. Moreover, 
the Lyn kinase was reportedly activated upon stimulation 
of CD40 (Durie et al., 1994). Therefore, it would be intri- 
guing to examine whether generation of memory B cells 
is affected in Iyn-I- mice. As we know that production of 
antibodies in response to T cell dependent antigen is not 
impaired in /ynP mice, experiments addressing the con- 
cern are underway. 
Concluding Remarks 
We have shown here that Iyn-‘- mice show various abnor- 
malities that include reduction of peripheral B cells, unre- 
sponsiveness of the B cells to proliferative signals, produc- 
tion of autoantibodies, the emergence of the unusual 
Mac1 + antibody-producing cells, and development of renal 
defects probably associated with autoimmune disease. 
These suggest that Lyn is critically important for B cell 
proliferation and maintenance of self-tolerance. Particu- 
larly, it is worthy to emphasize that the glomerulonephritis 
observed in Iyn-‘- mice is suggestive of systemic lupus 
erythematosus in which autoantibodies are formed against 
a variety of self-antigens. In the absence of Lyn, the BCR- 
mediated signaling may be defective for eliminating self- 
reactive B cells. Thus, we conclude that Lyn is indispens- 
able for B cell-mediated immunity. 
Experimental Procedures 
Identification of the Functional lyn Gene 
Splenocytes of C57BU6 mice were suspended and homogenized in 
a hypotonic buffer (20 mM HEPES [pH 7.4],10 mM EDTA, 2 mM DTT). 
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Figure 7. a and b. 
The homogenates were centrifuged to prepare nuclear fraction. The 
hnRNAswere prepared from the nuclear fraction by standard methods 
(Curr. Prot. Mol. Biol.). The hnRNAs were reverse-transcribed to 
cDNAs with random hexaprimers. Then, PCR was carried out using 
the murine genomic DNA or the cDNAs as templates at an annealing 
temperature of 57%. Oligonucleotide primers used were as follows: 
5’-GCTGCAlTAAACACTCACTC-3’ and %ACAATGGACTATGGAT- 
GAGC-3’ that corresponded to the sequences within the third intron. 
Generation of lyn-Deficient Mice 
Two EcoRI-EcoRI (14.5 kbp) fragments containing exons 2-5 of the 
lyn-H and lyn-L genes, respectively, were isolated from a C57BU6 
mouse genomic library (Stratagene). The Xbal-Xbal (1.5 kbp) and 
Xbal-Xhol (6.5 kbp) fragments of /y/?-L containing exons 3, 4, and 5 
were subcloned into pBluescriptll SK(+) (PBS; Stratagene) to make 
pLYNS and pLYNL, respectively. The Hinfl-Xbal (550 bp) fragment 
of pLYNS was inserted by blunt-end ligation into a blunt-ended Xhol 
siteinapPNTvector(Tybulewiczet al., 1991), containingphosphoglyc- 
erate kinase-1 (PGK-l)-neo and PGK-l-herpes simplex virus thymi- 
dine kinase (HSV-fk). The resulting plasmid was termed pPNTS. The 
Xbal-Kpnl (6.5 kbp) fragment of pLYNL was ligated to pPNTS that 
had been cleaved with Xbal and Kpnl. The resulting targeting vector 
(20 pg) was linealized with Notl and then introduced into 2 x 10’ 
ES cells (E14; Hooper et al., 1987) by electroporation as described 
(Kitamura et al., 1991). After transfection. ES cells were maintained 
on a feeder layer and selected for neo’ and GANC’ as described (Kita- 
mura et al., 1991). Colonies resistant to both G418 and GANC (792) 
were screened for the homologous recombination event by PCR with 
a primer corresponding to intron 3 of /yn genomic DNA sequence 
(5’-GCTGCATTAAACACTCACTC-3’) and a primer complementary to 
the PGK-I-neo gene sequence (5’.TGCCTTGGGAAAAGCGCCTC- 
3’). An annealing temperature for PCR was 57%. Homologous recom- 
bination was also confirmed by Southern blot hybridization of the Xbal- 
digested genomic DNAs from PCR-positive clones with the Xbal-Hinfl 
(600 bp) fragment (Figure 2, probe A) that contained the sequence of 
exon 3. The average frequency of homologous recombination was 
about 1 in 3 x lo’electroporated cells and 2 in 792 G418- and GANC- 
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Figure 7. Spontaneous Production of lmmunoglobulins and Development of Glomerulonephritis in Iyn? Mice 
(a) Expression of cytoplasmic IgM in Macl’ cells, Splenocytes were prepared from la-week-old /yn+ mice (right) and their age-matchec 
littermates (left). The cells before (top) and after (bottom) permeabilization were analyzed by flow cytometry gated on lymphocytes YI 
anti-Mac1 and PE-anti-IgM. The results are shown as contour profiles. Numbers in quadrants indicate the percentage of the total splc 
(b) Secretion of IgM in vitro from splenic B cells from wild-type and /yn-‘- mice. Splenocytes prepared as above were cultured for 3 da, 
or with LPS (0.1 ug/ml) and the amounts of IgM in the cultured media were determined by ELISA. 
(c) Kidney pathology. About lo-month-old lyn? mice and their age-matched wild-type littermates were sacrificed and the sections oi 
cortexes were stained with hematoxylin-eosin. The view of glomeruli were normal in wild-type mice (top), and those of /yn’- mice were 
with hypercellularity and lobularity (middle), or severely damaged with global sclerosis crescent formation (bottom). 
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resistant clones. Southern blot hybridization with neo’ DNA probe pro- 
vided evidence of no untoward genetic events in the two ES sublines. 
The two ES sublines were injected into blastocysts of C57BU6 
mice and the blastocysts transferred into pseudopregnant females as 
described (Bradley, 1987). Chimeric mice were mated with C57EU6 
mice and agouti offspring analyzed for heterozygous mutation by PCR 
and Southern blot hybridization of the DNA from tail snips. The hetero- 
zygotes were intercrossed to produce homozygous offspring. 
Southern Blot Analysis 
Genomic DNA(l0 pg)wasdigested withXbal andsubjected toagarose 
gel electrophoresis. DNA was transferred onto nylon blotting mem- 
branes (Zeta-probe blotting Membrane; BIO-RAD), according to the 
protocol of the manufacturer. Filters were hybridized with radiolabeled 
probes overnight. Filtesr were then washed in 0.1 x SSC, 0.1% SDS 
at 65OC for 30 min before autoradiography. 
Flow Cytometric Analysis 
Single-cell suspensions from red blood cell-depleted peripheral blood, 
splenocytes, thymocytes, lymph nodes, and bone marrow were pre- 
pared and 2 x 105 cells were stained with monoclonal antibodies for 
30 min on ice in phosphate-buffered saline (PBS) containing 2% fetal 
calf serum (FCS), and 0.05% sodium azide. Cellswere washed with the 
PBS and analyzed with FACScan cytometer using the Lysisll program 
(Secton-Dickinson). To detect cytoplasmic IgM, splenocyteswerefixed 
with 0.25% paraformaldehyde in PBS at 4’C overnight and permeabil- 
ized with 0.2% Tween 20 in PBS at room temperature for 15 min. 
Monoclonal antibodies used for the staining were fluorescein isothiocy- 
anate (FITC)-anti-8220 (Pharmingen), FITC-anti-IgM (Cappel), phy- 
coerythrin (PE)-anti-Thy1 (Pharmingen), PE-anti-6220 (GIBCO BRL), 
and biotin-anti-Mac1 in conjunction with streptavidin-Red670 
(GIBCO BRL). 
Preparation of B Calls 
Splenic E cells were prepared from the spleen by killing T cells with 
anti-Thy1 and rabbit complement (Cedarlane) as described (Taniuchi 
et al., 1995). Small dense splenic B cells were further purified by frac- 
tionation on discontinuous gradients of Percoll (Pharmacia LKB) as 
described (Nathanson et al., 1977). 
Cell Culture and Proliferative Responses 
Small dense splenic B cells (1 x lO?well) were cultured in RPM11640 
supplemented with 10% FCS (GIBCO BRL), L-glutamine (2 mM), and 
P-mercaptoethanol (50 wM). For proliferation assay, B cells (1 x 105/ 
well) were cultured in 96-well flat-bottomed tissue culture plates (Corn- 
ing) either alone or in the presence of Salmonella typhimurium LPS 
(1 uglml; Difco Laboratories), culture supernatant (33% vol) of cells 
producing murine CD40 ligand-CD6 chimeric protein (Lane et al., 
1993), affinity-purified goat anti-mouse IgM (p chain) polyclonal anti- 
body (5 pg/ml; Sigma), and IL-4 (20 U/ml: Genzyme). Cultured cells 
were pulsed for the last 6 hr of a 48 hr culture period with 0.2 bCi/ 
well of [3H]thymidine (Amersham). Cells were then harvested onto 
glass fiber filters and radioactivity incorporated into DNA was mea- 
sured by tritium-sensitive avalanche gas ionization method on a Matrix 
96 Direct !3 Counter (Packard, Meriden, Connecticut). All assays were 
performed in triplicate with less than 20% variation among assays. 
lmmunopreclpltatlon and lmmunoblottlng 
Splenic E cells and cells from tissues (spleen and cerebellum) were 
lysed with TNE buffer (1% [v/v] Nonident P-40, 50 mM Tris-HCI [pli 
8.01, 20 mM EDTA, 0.2 mM sodium orthovanadate with aprotinin at 
10 vglml) as described (Yamanashi et al., 1992). For detection of Lyn 
in mutant mice, the lysates (10 pg proteins) were immunoblotted and 
probed with Lyn-8 anti-Lyn monoclonal antibody (Wako Pure Chemi- 
cals). For phosphorylation assay, splenic B cells (1 x 10’ cells/well) 
were treated with goat anti-IgM antibody (Sigma) for various time peri- 
ods as described (Yamanashi et al., 1992) before lysis. The lysates 
(10 pg proteins) or immunoprecipitates from the lysates (1 x 107cells) 
were subjected to immunoblotting and probed with biotinylated 4GlO 
anti-phosphotyrosine antibody (Upstate Biotechnology, Incorporated). 
The blots were then blotted with horseradish peroxidase (HRP)-strep- 
tavidin (Amersham), and developed with the enhanced chemilumines- 
cence detection system. Antibodies used for immunoprecipitation 
were anti-PLCy2 (gift from Y. Homma), antiCbl (Santa Cruz), anti-Vav 
(Upstate Biotechnology, Incorporated), and anti-HSl (Sumitomo Elec- 
tric Incorporation) antibodies. 
Immune Rasponsa to T-Dependent and T-lndapendent Antigens 
To induce antibody responses to T cell-dependent antigen, &week-old 
mice were immunized intraperitoneally with 100 pg of DNP-KLH in 
incomplete Freund’s adjuvant at day 0 and boosted at day 21. To 
induce T cell-independent antibody responses, mice were immunized 
intraperitoneally with 100 pg of TNP-LPS in PBS at day 0. DNP- 
specific or TNP-specific antibody titers of sera were measured at the 
indicated days after the first immunization as described below. 
Quallflcatlon of Total or Antigen-Specific 
lmmunoglobulln by ELISA 
Amounts of each immunoglobulin isotype in sera and in culture super- 
natants were determined by enzyme-linked immunosorbent assay 
(ELISA) with antibodies specific for each mlg isotype (Koike et al., 
1995). In brief, 96well trays (Greiner) were coated with DNP-con- 
jugated bovine serum albumin for antigen-specific immunoglobulin, 
isotype-specific goat anti-mlg polyclonal antibodies for total immuno- 
globulins, or pBluescriptll (Stratagene) plasmid DNA for anti&DNA 
antibodies. Samples were added to the wells and the trays were incu- 
bated at room temperature for 2 hr. After washing, biotinylated isotype- 
specific goat anti-mlg polyclonal antibodies were added to each well 
and the trays were incubated for another 2 hr at room temperature. 
After washing with PBS containing 0.05% Tween 20 (washing buffer), 
HRP-streptavidin was added to each well and the incubation was 
continued for 1 hr at room temperature. Finally, trays were washed 
with the buffer, and 100 VI aliquots of substrate, o-phenylene-diamine 
(final 0.4 mg/ml), and hydrogen peroxide (final 0.015%), dissolved in 
0.1 M citrate buffer (pH 5.0), were added to each well. The enzyme 
reaction was terminated by adding 50 pl of 2 M sulfuric acid and optical 
density at 495 nm was measured with a V-maw kinetic Micro Plate 
Reader (Molecular Devices). Using myeloma proteins (Miles Scien- 
tific), standard curves were generated for each isotype and the concen- 
tration of mlg was determined with a Delta-Soft computer program 
(Biometalics). 
ImmunohistochemisVy and Histology 
Frozen section (5 vrn thick) from spleens of lO- to 12-week-old mice 
were sliced with a cryostat and mounted on poly-L-lysine-coated glass 
microscope slides. The cryostat sections were fixed with 4% paraform- 
aldehyde in 0.1 M phosphate buffer (pH 7.4) and stained with hematox- 
ylin-eosin or biotin-anti-Mac1 (Pharmingen). The latter samples were 
washed with PBS and were sequentially reacted with peroxidase- 
conjugated streptavidin (Dakopatts). Then they were washed and 
stained with 0.2 mg/ml3,3’diaminobenzidine tetrahydrochloride (Sigma) 
in PBS containing 0.01% hydrogen peroxide for 5 min. 
For histological study, tissues were fixed in formalin for 1 day and 
embedded in paraffin. Section (3 pm thick) were stained with hematox- 
ylin-eosin. 
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